Over the horizon radar (OTHR) is a well developed sensor technology in established use for long-range air and surface surveillance. More detailed information about the targets can be achieved by using simultaneous operation of multiple OTHRs. However, a key limitation with HF radar is the conflict between selection of an appropriate operating frequency and the demand for radar waveform bandwidth commensurate with the range resolution requirement of the radar. In this paper, we consider the simultaneous operation of two over-the-horizon radar systems that use the same frequency band with different chirp waveforms to respond the advanced wide-area surveillance needs without reducing the pulse repetitive frequency. A cross-radar interference cancellation technique is proposed and shown to be effective.
INTRODUCTION

Background and Motivation
Over the horizon radar (OTHR) is a well developed sensor technology in established use for long-range air and surface surveillance. It exploits beyond horizon propagation of high frequency (HF) band electromagnetic waves via the earth's ionosphere (skywave radar case), or by the conducting sea surface (surface-wave radar case). [1] [2] [3] Typical skywave radar detection and tracking range is approximately from 1000 km to 3000 km while surface-wave radar detection and tracking range is typically from 10 -500 km depending on system design and target size amongst other issues.
With a single OTHR operating, information about the range and Doppler of targets related to the radar can be obtained. However, such information does not uniquely determine the location as well as the movement of the targets. Use of multiple OTHRs, located at different locations, not only extends the coverage for surveillance, but also improves the accuracy of target location and movement estimation through triangulation. Fig. 1 illustrates such scenario. When only Radar A is operated, the range and Doppler information is estimated in terms of (Tx A -target -Rx A). With Radar B added in the operation, such information about the following combinations can also be obtained: (Tx B -target -Rx B, Tx A -target -Rx B, Tx B -target -Rx A).
Frequency Resource Constraints
A key limitation with HF radar is the conflict between selection of an appropriate operating frequency and the demand for radar waveform bandwidth commensurate with the range resolution requirement of the radar. For example, waveform bandwidths are mostly between 10 KHz and 100 KHz and it is often difficult to find appropriate clear operating channels in the comparatively limited and congested HF band. While this band is nominally from 3 -30 MHz, the effective range of operating frequencies available to a particular radar at any given time is further limited. For example, one must select an operating frequency for which energy actually propagates to the target area of interest and at the same time avoiding other HF users and sources of noise and interference. Propagation constraints may limit the range of possible candidate frequencies to only a few MHz or less. The very long range propagation nature of the signals being exploited for radar operation means that there can be significant external interference propagating from potentially all over the earth. Present operational HF skywave radars use supplementary frequency management systems to assist in the selection of operating frequency. HF surface-wave radar may sometimes be constrained to fixed frequency primary user allocations, although this is not always possible, in which case a frequency management system is also required. At certain times of the night, for example, it can be very difficult indeed to find suitable operating frequencies.
The problem described above is further compounded when a network of two or more radars is in use. Present operational practice is to perform frequency selection arbitration at the network level to ensure member radars do not interfere with the remaining network radars. Nevertheless, it can be significantly more difficult to find appropriate operating frequencies when operating multiple HF radars.
Waveform Selection
In this paper, we consider linear frequency modulated (LFM) waveforms as the example. In general, modern OTHRs use LFM pulses (for mono-static radar designs) or linear FM-CW waveforms for bi-static designs (typical of the larger skywave radar cases). There are some systems that use discrete coded waveforms (e.g., Barker codes, P4 codes, Frank codes, complementary codes, and so forth). As long as the total FM sweep bandwidth and the coded waveform bandwidth are the same then radar range resolution is achieved and the choice of waveform type can be made based on other criteria.
Discrete coded waveforms are not typically used for the following reasons. With linear FM pulses/sweeps, receiver system complexity can be reduced using stretch (or deramping) processing. This can lower the performance demands of analog to digital conversion and range processing hardware substantially. It is also straightforward to manipulate the transmitted sweeps to reduced out-of-band signal energy, which can become a serious source of interference to other users in the congested HF band. OTHR requires extreme radar instrument performance (low phase noise, limits on receiver reciprocal mixing, and so forth) to achieve the sub-clutter visibility (SCV) needed. LFM (indeed almost any waveform with continuous and differentiable phase law) is simpler to generate at the required level of fidelity than discrete waveforms. High peak to average power ratio can be achieved with either waveform, but certainly LFM is not inferior than discrete coded waveforms in this regard.
Discrete coded waveforms have the advantage that not only are codes available with desirable auto-ambiguity properties, but there are cases where there are families of codes that have suitable auto-ambiguity and crossambiguity (within the family) properties. This is exploited in wireless communications where code division multiple access (CDMA) allows multiple transmitted waveforms to occupy the same frequency band. The equivalent in the radar context is to construct a family of waveforms that will permit simultaneous multiple radar operation at the same carrier frequency without mutual interference. The problem is more challenging compared with the CDMA case by the presence of substantial clutter (called multi-path in the communications literature) that has a duration extending beyond several pulse chips.
A related approach can be exploited for interference mitigation in radar. One deploys a receiver system that matched filters against both the transmitted discrete coded waveform and, using a separate matched filter, the waveform corresponding to one of the orthogonal member codes. The output of this second matched filter provides a clutter and target free measure of the external interference in the radar channel that can then be used for interference removal in the primarily matched filter processing chain.
We consider extending the multiple waveforms with low mutual interference approach to FM waveforms. Specifically, is it possible to construct a family of FM waveforms that have suitable auto and cross ambiguity properties? Of course, such a selection must be made with regard to the target plus clutter scatterer distribution, since it may be no more complicated than to re-use regions of time-frequency space that do not contain targets and clutter. For example, the trivial case is where the waveform repetition frequency (WRF) is very low (say, less than 10 Hz) and much of the interval between successive sweeps is not contaminated with targets and clutter and so can be re-uses with a second or multiple waveforms. Such approaches using separate transmitter systems in a multi-static configuration have been used experimentally for at least two decades. The more demanding problem is when the target and clutter support extends for a significant portion of the FM sweep period.
Organization of the Paper
Section 2 introduces the signal model based on reference 4 for single-radar operation. In Section 3, we extend the model to dual-radar operation scenarios, and the effect of cross-radar interference is discussed. Section 4 considers the suppression of cross-radar interference. Simulation results using measured clutter data are provided in Section 5.
SIGNAL MODEL
In this section, we review the signal model based on reference 4 for the single-radar applications where the frequency band of interest is solely occupied by a single OTHR system. An OTHR typically employs frequencymodulated continuous wave (FM/CW) waveforms consisting of a coherent series of chirps in order to determine target time-delay (slant range) and Doppler information.
5 Each waveform is a linear FM (LFM) chirp signal of the form
where T r and f r = 1/T r are respectively the waveform repetition interval (WRI) and waveform repetition frequency (WRF), and B is the bandwidth of the chirp. The transmitted radar signal for lth revisit consists of a series of M LFM chirps, i.e.,
with
where α 0 is a complex scaler representing the transmitted amplitude and phase, ω 0 = 2πf is the radar operation frequency, and t l is the time of the lth revisit. For M transmitted waveforms, the signal duration, called the coherent integration time (CIT), is given by T c = M T r . In this paper, we only consider one revisit and, therefore, the index of l is omitted thereafter, and t l = 0 is assumed.
For a target s at ground range r and azimuth θ moving in the radial velocity (ground range-rate)ṙ, the received signal is
whereα s represents the received amplitude and phase, φ s is the phase delay, c is the velocity of light,
is the Doppler frequency shift for transmit elevation angle θ T,s and receive path elevation angle θ R,s , d s is the two-way slant (group) range, and η(t) represents additive noise. Note that, while the distances from target s to the radar transmitter and receiver are different, the difference is negligible and only its effect in the phase, θ, is considered.
In the process of dechirpping, the received signal is mixed with a delayed version of the transmitted signal, i.e.,
where ' * ' denotes complex conjugate, and delay T 0 specifies the minimum delay or start range of the dwell illumination region (DIR). Passing w(t) through a low pass filter (LPF) results in the dechirped signal, q(t), as
where the constant phase and amplitude terms are lumped into α s and where ξ(t) is the low pass filtered noise.
Let t = t − mT r . The waveform is sampled at time intervals t = nT s giving the discrete signal
which is the product of complex sinusoids in pulse index m, sample index n combined with the additive noise ξ n,m . The phase changes over n within one pulse provide slant range information while the phase changes over m from pulse to pulse give Doppler information. 
where ξ n ,m is additive noise in the complex range-Doppler domain.
DUAL-RADAR OPERATION
Now we consider the simultaneous operation of two radars which are spatially separated. Each of the radar transmit its own LFM chirp waveform with the same WRF. In this paper, we use the following prototype waveforms of the two radars (the subscripts 1 and 2 represent radars A and B, respectively)
and
where µ is a constant defining the chirp rate of the waveform of the second radar, and f 2 is the initial frequency of the chirp waveform of the second radar.
The transmitted radar signals, for i = 1 and 2, become
Denote the ground range of a target s with respect to the ith radar as r i , and azimuth as θ i . The received signal at radar system k corresponding to the signal transmitted from radar i, where i, k = 1, 2, is expressed as
where α s,i,k , φ s,i,k , and d s,i,k represent the respective phase and magnitude, phase delay, and two-way slant range for target s with signal transmitted from radar i and received by radar k, and ω
is the Doppler frequency shift for transmit elevation angle θ T,s,i and receive path elevation angle θ R,s,k , whereṙ i andṙ k denote the radial velocity of target s with respect to radars i and k, respectively.
Equation (13) can be expressed in the following three terms
where the first and second terms of the right hand side represent the contribution of the radars k and i, respectively, and the third term is the additive noise.
Without of loss of generality, consider the receive signal at radar A. At the ordinary mode, the following equation is used to dechirp the signal,
The first term of the right hand side is the self-correlated term of radar A and is identical to Eq. (5) corresponding to the single-radar mode. Therefore, the result of the LPF output, using the new notations defined for the dualradar scenario, is expressed as
The second term is the cross-correlated interference term between the two radars, and its LPF output is expressed as
Similar to the single-radar case, we denote t = t − mT r , and sample the signal at t = nT s . Then, the above equations become
and 
Both components, in addition to the noise, contributed to the complex range-Doppler surface. Therefore, the LPF output maintains the Doppler information with respect to the slow time T r . Over each waveform, it is a chirp signal with respect to the fast time T s and the chirp rate is twice that of the transmitted signal. Its bandwidth is 2B and virtually spans the entire the passband of the LPF. As a result, the cross-correlated component keeps the Doppler information whereas the range information is lost.
In addition to the ordinary operation mode, radar A can also process the received data using radar B's waveform for dechirping. That is,
Due to the symmetry, the complex range-Doppler surfaces can readily written as
In this case, the signal radar B transmits is localized in both range and Doppler domains, whereas the signal radar A transmits becomes the interference that is localized only for the Doppler frequency.
INTERFERENCE CANCELLATION 4.1. Generalized Signal Model
In the previous section, we have modelled the receiver data signal for a single target or clutter component. In practice, the clutter is contributed as a collection of reflection from earth or ocean and multiple targets as well as multipaths may exist. In this section, we generalize the received baseband data signal as two chirp signals passing through respective convolutional channels, that is,
where ' * ' denotes the convolution operator. The time delay of the transmitted signal and echo delay can be adsorbed in the channel characteristics. It is assumed that the channel duration does not exceed the WRI (this condition is always satisfied in practical OTHR applications). Our problem in the underlying dual-radar system is to estimate the channels, h i,k (m, t), and, from them, to find the moving targets in the existence of strong clutter.
Technical Challenges
The interference cancellation program resembles to that in the multiuser CDMA communications where dispersive channels are involved. [6] [7] [8] In the underlying scenario, the chirp signal waveforms act as the spreading codes. However, there are significant differences between the underlying problem and the multiuser CDMA problems in communications. Such differences are summarized below.
(1) In CDMA multiuser detection problems, the aim is to sufficiently reduce the multiuser interference for correct information detection. In the underlying OTHR applications, the signal-to-clutter ratio is very low and a moderate level of interference cancellation is not necessarily enough to improve the visibility of the echo signals from moving targets.
(2) In typical CDMA communication environment, it is assumed that the channels do not change over a certain period (e.g., several symbols). Therefore, interference cancellation as well as the information detection can be performed at each symbol or over the coherent time of the channels. Usually, the involvement of longer period improves the performance, at the expense of higher computational costs. In the OTHR problems, the channels (clutter and target) change by each waveform. As a result, programs may arise in suppressing cross-radar interference in both single-or multi-waveform period approaches. Processing interference cancellation individually at each waveform may differently alter the phase information and result in wrong Doppler information or Doppler aliasing. On the other hand, joint processing over multiple waveforms requires separate considerations of the clutter and target echo signals because their Doppler frequencies differ to each other. The first two issues can be resolved by converting the slow time into the frequency domain. In doing so, the weak signals corresponding to moving targets are separated from strong stationary clutter. While various ways may be possible to resolve the third issue, we consider iterative interference cancellation in this paper. The detailed techniques are presented in the next subsection.
Interference Cancellation Approaches
By sampling q k (t) of (26) at t = mT r + N T s , we obtain
For the received signal at the mth waveform, we can express
. . .
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To simplify the problem, we approximate the above equation as 
While such approximation significantly reduces the problem, it does not alter the Doppler frequencies of the clutter and target echo signals when their Doppler frequencies are assumed time-invariant. Now, we perform DFT with respect to m, resulting in 
where m ∈ [1, M] denote the Doppler frequency bins index, and the under bar notation is used to differentiate the data before and after the DFT. q k [m , n] maintains the mixed chirp waveforms of clutter and echo signals with respect to fast time index n in each repeat. The energy of stationary clutter is concentrated at the low frequency bins (small m ) whereas the moving targets correspond to higher value of m .
We rewrite the above expression as
where
If A has full column rank, (31) can be solved from
where # denotes pseudo-inversion operator of a matrix. However, in our problem, A is in general a fat matrix and, therefore, the above approach cannot be directly applied. In this paper, we employ iterative interference cancellation method. In each iteration, the following two steps are performed.
(1) Computeĥ
and find the element with the maximum magnitude, where is used to emphasize the lth iteration.
as the residual waveform, where a n m is the n m th vector of matrix A.
The number of iterations can be either prefixed or adaptively determined by the residual energy. The interference-mitigated signal waveform is estimated as
Note that q k [m ] in the above equation is the residual waveform in (34) after all the iterations.
SIMULATION RESULTS
Single-Radar Operation
We first show the results of single-radar operation where the data of radar A consists of a 256-sweep duration. The waveform repetition frequency (WRF) is set to 50Hz. A synthetic test target has been injected into the original received time series to provide a reference for determining improvement or degradation in target SNR depending on processing options. In addition, the sweep bandwidth is 8 KHz, and the sampling rate is 20 KHz. The carrier frequency is 13.957 MHz. 
Effect of Signal from Other Radar
Before we consider the simultaneous operation of two radar systems, we examine the effect of signals transmitted from the other radar. Fig. 3 shows the result at radar A corresponding to signals transmitted from radar B. That is, the wave propagation path is Tx B -target -Rx A, and the dechirp process at radar receiver A matches the waveform transmitted from radar A. The target has the same time delay of 8 ms but the Doppler frequency is 14 Hz.
It is evident that cross-radar interference maintains the Doppler frequency information because such information is obtained over the slow time and is independent of the chirp waveform. The fast-time (range) information is missing because the mismatching between the transmit and the receive waveforms spreads the interference signal into the entire fast time width, which corresponds to the range. 
Simultaneous Operation without Interference Cancellation
When the two radar systems transmit simultaneously, the time-frequency signature and the range-Doppler plot is the superposition of the results of the two radar systems. Fig. 4 shows the operation results of radar A when both radars transmit signals simultaneously, where Fig. 4(b) is the range-Doppler map when the receiver matches the transmitted signal from radar A, whereas Fig. 4(c) is that when the receiver matches the transmitted signal from radar B. It is seen that, while cross-radar interference exists, the range and Doppler of the target can be clearly identified in this case.
Results with Interference Cancellation
In the process of mitigating cross-radar interference, the slow time is first converted into frequency domain. Fig. 5 shows the pseudo time-frequency signatures after the slow time is transformed into the frequency bins (Note that while we used the time scale for illustration convenience, the horizontal axis is a mixture of fast time and frequency bins corresponding to the slow time). The change of data energy as well as the waveforms over different frequency bins is evident. Figure 6 shows the range-Doppler maps as a result of five iterations of interference cancellation. The reduction of cross-radar interference of the target signals is evident. It is noted that the clutter is of no interest in the selection of the number of iterations.
CONCLUSION
We have examined the problem of simultaneous operation of two OTHR systems for improved estimation of target position and maneuvering. The analysis was verified using measured clutter data and a synthetic test target, where a moderate value of waveform repetition frequency of 50 Hz is used. The analysis and simulation results show that, despite the existence of cross-radar interference, it is often possible to identify targets in the range-Doppler maps even without interference cancellation. However, performing the cross-radar interference cancellation techniques provided in this paper can substantially suppress cross-radar interference and improves the target detectability. 324 Proc. of SPIE Vol. 5559
